We present a design for a charge qubit, and an associated ''quantum sample and hold'' measurement scheme. Using arrays of superconducting islands, connected by tunable tunnel junctions, we can ''sample'' the charge states by turning off the Josephson coupling, and then ''hold'' a Cooper pair on an island for a very long time. This allows for a slow readout using a conventional weakly coupled low-frequency single-electron transistor. [8] [9] [10] are the most compatible with conventional electronics and offer the prospect of large-scale integration. The quantum variables in these circuits are given either by the magnetic flux enclosed by circuit loops, or, as in this paper, the number of excess charges on small capacitance islands.
In recent years theoretical predictions in the area of quantum computing 1 have stimulated research in many fields with the aim of developing a corresponding technology. Various quantum systems have been proposed as suitable candidates for qubits-the basic building blocks of a quantum computer-including trapped ions, 2 NMR, 3 quantum optical systems, 4 and nanoelectronic devices. [5] [6] [7] Superconducting nanocircuits [8] [9] [10] are the most compatible with conventional electronics and offer the prospect of large-scale integration. The quantum variables in these circuits are given either by the magnetic flux enclosed by circuit loops, or, as in this paper, the number of excess charges on small capacitance islands.
The classic superconducting charge qubit circuit is the single-Cooper-pair box ͑SCB͒, which consists of a superconducting island connected to a reservoir via a single tunnel junction. 11 Coherent evolution of this circuit was demonstrated by Nakamura et al. 12 Efforts are underway to optimize the radio frequency single electron transistor ͑rf-SET͒ for speed and sensitivity, so that the charge state of the SCB can be determined by a single measurement performed within the relatively short mixing time. 13 The rf-SET appears to be fast enough, but the circuit is not trivial to operate and requires specialized high frequency electronics. Furthermore, speed and sensitivity are always a trade-off, and the requirement of high speed sets a lower limit on the coupling between the SET and the charge qubit. 14 We propose a charge qubit that allows for a simple, slow readout of the charge using a weakly coupled SET. In our qubit the single island of the SCB is replaced by an array of islands connected by small capacitance superconducting quantum interference devices ͑SQUID's͒, see Fig. 1 . The array couples the two charge states of the qubit through a higher order tunneling process, which can be very rapidly and effectively turned on and off by means of an external magnetic flux. When the tunneling is off, the relaxation of the charge states is very slow. With the qubit in an arbitrary state, turning off the tunneling amounts to a ''sampling'' of the probabilities for the charge states. The quantum state then decoheres by interaction with the SET and the environment, resulting in a projective measurement onto a charge state, and the island ''holds'' the charge for a long time during which it can be read. We call this measurement strategy ''quantum sample and hold'' ͑QUASH͒. With the qubit circuit proposed here, and the QUASH measurement scheme, we eliminate the need for a high speed detector. We can thus work with very weakly coupled SET's, operating at low frequency. This also means that, if other sources of decoherence can be controlled, our circuit could be used as a quantum memory.
A qubit should have two states, separated by a large gap, ␦E, from all other states, and be weakly coupled to the electromagnetic environment so as to avoid rapid decoherence. These two requirements severely constrain the geometry of the circuit, but both can be met by the circuit shown in Fig.  1 , which consists of two arrays of N junctions, closed by a capacitor, C. The island charges are controlled by gate voltages, V i , applied via small capacitors, C i g ϳC g ͑not shown͒ and adjusted so that the qubit states correspond to an excess Cooper pair on either of the islands attached to C. The lead connecting the two arrays is grounded to allow charge to FIG. 1. A schematic of the qubit and SET used in a ''quantum sample and hold'' measurement. The qubit consists of two connected arrays of N superconducting islands separated by tunable Josephson junctions. Each island in the qubit is capacitively coupled to a gate voltage which enables control of the island charge ͑not shown͒. The qubit states correspond to one excess Cooper pair on either of the islands marked ↑ and ↓. After coherent manipulation of the qubit, the probability for the charge state ͉↑͘ is ''sampled'' by turning the Josephson couplings off. Since charge relaxation occurs via tunneling through the 2N junctions it is now very slow-the qubit ''holds'' its charge for a long time and can be read by a weakly coupled standard SET.
tunnel in and out of the array. Without this possibility the system may not reach the low-energy qubit states after cooling. Each junction is actually a small SQUID, which enables one to suppress the Josephson coupling energy by applying an external magnetic flux ⌽. Since the tunneling amplitude in the effective two level system is ϳE J 2N , the minimal tunneling rate can be made very low.
From a theoretical point of view our qubit is very similar to the SCB, and we can borrow, mutatis mutandis, results concerning decoherence and readout from the literature. 8, 13, 15 Since coherent time evolution of the SCB was experimentally demonstrated, 12 we have some confidence in these estimates. From an experimental point of view, our qubit is more complicated than the SCB-more gates are needed to tune away offset charges. However, this complication is compensated for by the advantages of our measurement strategy.
The Hamiltonian of the circuit in Fig. 1 is
where C i j is the capacitance matrix and ͗ij͘ denotes neighboring islands. The charge Q i on the ith island is related to the number of excess Cooper pairs n i by Q i ϭ2en i ϪC i g V i ͑the offset charge is absorbed in V i ͒ and i is the superconducting phase conjugate to
Choosing C i g V i ϭe for iϭN or Nϩ1 and V i ϭ0 otherwise, the symmetry of the circuit guarantees that the states ͉͘, ϭ↑,↓, with an excess pair on either of the islands connected to the capacitor C, are degenerate ͑when E J ϭ0͒.
If in addition, CϳC J ӷC g , the gap to excited states is ␦E ϳE c , where E c ϭ(2e) 2 /2C J is the characteristic charging energy for a Cooper pair. As usual, we assume that the superconducting gap is large enough for quasiparticle tunneling to be sufficiently suppressed.
Assuming ␦Eӷk B T, we arrive at the effective Hamiltonian
for the two level system. Here, B z ϳ(C g /C)e␦V, ␦V 4 , assuming the junctions to be identical. The crucial feature of our circuit is that B x ϳE c (E J /E c ) 2N . This makes it possible to efficiently turn off B x , which allows for a slow readout with a standard SET.
The possibility to experimentally observe the quantum mechanical behavior of the two level system described above depends crucially on the coupling of the system to external degrees of freedom. In particular, the concept of quantum computing requires coherent evolution of the system for a time sufficiently long for qubit manipulation. Coherence can be lost by dephasing and by relaxation with characteristic times and relax , respectively. The former is due to environmentally induced fluctuations of the energy eigenvalues which generate an uncontrolled phase difference as time goes by, while the latter is due to environmentally induced tunneling processes between the states. In Josephson junction circuits the important environment is electromagnetic fluctuations in the bias circuit, in the SQUID's, and in the substrate. We first discuss the bias circuit.
During coherent manipulations it is important to stay in the ''Hamiltonian regime,'' i.e., the energy scale B ϭͱB x 2 ϩB y 2 of the qubit must dominate that of the environment, Bӷ␣k B T. Here, ␣ is the constant describing the coupling of the qubit to the charge fluctuations in the bias circuit. 8 For the four island case, we find, assuming the impedances between the islands and ground to be identical pure resistors R, ␣ϭ(8R/5R K )(C g /C J ) 2 , where R K ϭh/e 2 Ϸ26 k⍀. This expression is very close to the corresponding result for the SCB ͑Ref. 8͒ and we expect it to hold for general N, up to a factor of order unity. Thus, a small ratio C g /C J is necessary to avoid a large ␣ and rapid dephasing.
One might think that a more simple extension of the SCB, obtained by removing the N islands on the right in Fig. 1 . could be used as a qubit. The two level system would then correspond to 0 or 1 excess Cooper pair on island N-just as in the SCB. However, for the gap to higher states to be large enough, the end capacitance C N g that couples the system to the environment must be of the same order as C J , resulting in ␣Ӎ1 and thus rapid dephasing.
Realistic values are E J ӍE c Ӎ40 eV, giving BϭB x Ϸ20 eV at ␦Vϭ0, and ⌽ϭ0. 2 , where tan ϭB x /B z . With the above parameters we get relax , Ӎ10 s, assuming sin , cos Ӎ1. With a quantum time scale ប/B on ϳ10 ps there is ample time for coherent manipulations. During readout, in the ''hold'' mode, where the coupling is turned off, the relevant time scale is relax у1 s for B z ӍE c . This long relaxation time in the ''hold'' mode is essential for our proposed readout scheme.
Electromagnetic fluctuations in the SQUID circuits will not affect our estimates of the relaxation times in the ''hold'' mode, and neither do we expect them to change the order of magnitude estimate of during coherent operation. Charge fluctuations in the substrate lead to 1/f noise that is potentially dangerous for the very idea of a qubit based on superconducting charge states. 15 Since our proposed circuit is larger, and the relaxation time longer, than in the conventional SCB qubit, it is if anything more sensitive to these fluctuations. However, the source and magnitude of these fluctuations are not fully understood, and further experiments are needed to clarify the situation.
The major advantage of our QUASH measurement scheme is that the SET can be used in a standard configuration, where the stray capacitance of the cryostat leads and the RAPID COMMUNICATIONS high impedance of the SET limit the bandwidth to about 1 kHz. The coherent time evolution of the qubit can be observed using a measurement protocol described in Fig. 2 . We adjust ␦V to a point near degeneracy where the energy eigenstates are almost equal to the charge states when the Josephson coupling is off, but almost equal to the symmetric and antisymmetric combinations of the charge states when the coupling is on. A static magnetic flux is tuned so that the Josephson coupling is at a minimum, and we prepare a charge eigenstate by measuring with the SET. Starting from this initial state, we switch off the voltage bias to the SET, and then quickly pulse the magnetic field by applying a short current pulse to a strip line located close to the SQUID array. The amplitude of the pulse determines the Josephson coupling, and thereby the qubit coupling, B on . The rise and fall time of the pulse must be less than ប/B on and the duration of the pulse will be variable. During the pulse, the state of the system oscillates coherently between the charge states with frequency B on /ប. After the pulse is turned off, the bias to the SET is turned on and a projective measurement of the charge takes place, leaving the qubit in a charge eigenstate ͉͘ with probability P ↑ after the short time . The charge is then read by the SET within the long time relax . The single measurement is then complete.
Repeating the measurement cycle, with the output charge state as the next input state, results in a series of measurements on identical quantum systems, from which P ↑ is obtained. Using a standard SET configuration, we can achieve a 1 ms cycle-this is also the time for readout since the pulse is very short. Thus we can build up a 1000 point histogram of single shot measurements with a 1 s duty cycle. By studying how the histogram changes as we vary the duration of the pulse, we can observe how P ↑ oscillates with frequency B on /ប. The experiment described will allow us to observe the coherent oscillations, and thus measure the decoherence time. This decoherence will be limited by the necessity to have control gates and the SET coupled to the qubit. We minimize the decoherence due to the SET by turning off the bias to the SET during the magnetic field pulse. Within the decoherence time, we could apply more complicated pulse sequences which could be used, for example, to prepare an arbitrary superposition of charge states, freeze this state, and at a later time let it evolve. Combining a magnetic field pulse sequence with manipulations of ␦V, all within the decoherence time, we can in principle realize an arbitrary quantum operation on a one-bit gate.
